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IN VITRO CULTURE OF HUMAN SKIN EPITHELIAL CELLS*
MARVIN A. T{ARASEK, PH.D.
Human embryonic and post-embryonic skin
has been studied in organ and cell culture over
the past three decades (1—4). Everett et al used
cell culture methods to evaluate toxicity of
locally applied drugs to the skin (5) and also to
compare effects of allergens on sensitized and
non-sensitized human skin (6). Other studies
illustrating the application of cell and organ
culture teehnies to skin tissue have been recently
reviewed by Prunieras (7).
We have been interested in the growth of post-
embryonic human skin epithelial cells in cell
culture as a system for obtaining information
about the biochemistry of keratinization. The
keratinocyte, in contrast to skin fibroblasts, ex-
hibits limited growth in culture during which
keratin is formed (8). The factors that determine
whether multiplication or keratinization shall
occur are only partially understood at present.
This report is a study of some of the physical and
chemical parameters that influence multiplication
of post-embryonic skin epithelial cells in vitro.
MATERIALS AND METHODS
Skin Tissue. Foreskin tissue was obtained within
3 hours after circumcision. The tissue was soaked
in flanks' Balanced Salts Solution (containing 500
pg streptomycin and 1000 units penieillin/ml) for
1 hour at 25°C.
Embryo Extract. Chick embryo extract was pre-
pared by the method of Paul (9) from 9 day old
virus-free embryos. Extracts were stored at —20°C
and used within 3 months of preparation.
Outgrowth Medium. Eagle's Minimal Essential
Medium (MEM) was purchased from Microbiolog-
ical Associates. Final outgrowth medium was pre-
pared by the addition of the following components
to 100 ml MEM: calf serum (12 ml); 200 mM L-
glutamine (1 ml); 10,000 pg streptomycin; and
20,000 units penicillin.
Skin Cultures. Foreskin tissue was cut into sec-
tions 1.5 X 1.5 mm. Four explants were placed on
Corning eoverslips in a 35 mm disposable plastic
Petri dish (Falcon Glassware). One drop of chick
plasma and 1 drop of embryo extract was added,
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and the plasma clot allowed to form for 1 hour.
Two ml of outgrowth medium were added, and the
explants were incubated at 37°C in an atmosphere
of air and CO2 sufficient to maintain the pH at 7.4
(approximately 5% C02). Each culture dish was
prepared in duplicate.
Cell Growth. New cell growth was determined by
direct measurement with a microscope ocular
fitted with a calibration scale, or by a determina-
tion of new cell protein formed. For the later de-
termination the skin fragment was removed from
surrounding cells by dissection, and the residual
plasma clot was digested with fibrinolysin (1 unit
fibrinolysin/ml for 18 hours). Cells were removed
from the coverslip by scraping, washed, lysed with
0.2% dodecyl sulfate in distilled water, and protein
in the lysate determined by the procedure of
Lowry et at (10).
Autoradiography. Cells were incubated with
thymidine-H-3 for 24 hours (2 pe/ml), washed 3
times with 0.9% saline, and fixed with buffered
formalin, pH 7.2. Radioautographs were made by
placing the fixed cells in contact with stripping
film (Kodax AR.l0) for 7 days, or by dipping in
Ilford Nuclear Research Emulsion and exposing
for 7 days.
Separation of Dermis and Epidermis. Specimens
of dermis free of epidermis were obtained by re-
moving the epidermis from the dermis with a
Castroviejo keratotome using a 0.2 mm shim.
Specimens of epidermis free of dermis were ob-
tained by treating the epidermis removed with a
keratotome (see above) with 0.3% trypsin for 15
minutes at 37°C. This procedure completely sepa-
rates the epidermis from small fragments of at-
tached dermis that cannot be completely removed
with a keratotome. Completeness of removal of
dermis and epidermis was determined histologi-
cally.
Electron Microscopy. Epithelial sheets were fixed
in 6% glutaraldehyde in Sorenson's phosphate
buffer, pH 7.2 for 24 hours at 0°C. Tho cells were
washed twice while on the coverslip with 0.33 M
sucrose, and allowed to stand in sucrose for 24
hours at 4°C. After fixation and washing, the epi-
thelial sheet was removed from the coverslip with
a scalpel, dehydrated with ethanol (increments of
10% ethanol, 5 minutes), and embedded in Epon-
Araldite according to the procedure of Mallen-
hauer (11). Sections of 600—700 Angstroms were
cut and stained with saturated uranyl acetate in
50% ethanol (15 mm) and lead citrate (20 mm)
by the procedure of Reynolds (12). Photographs
were made with a Hitachi electron microscope.
RESULTS
Identification of Cell Types.—A characteristic
growth of cells appears within 36—48 hours in a
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complete medium at 37° C from full thickness
explants of post-embryonic skin. The cells are
polygonal (Fig. 1), and grow as tightly adherent
sheets that can be removed from the coverslips as
sheets by lifting with a knife edge.
Removal of the epidermis from skin with a
Castroviejo keratotome (confirmed by histologic
sections), and explanting the dermis that is free
of epidermis results in only the outgrowth of
fibroblasts; explanting the area of skin comprised
chiefly of epidermis (with small segments of
attached dermis) results in the appearance of the
typical cuboidal cells observed in Fig. 1. Electron
micrographs of the new epithelial cell growth
reveal morphologic details observed in epithelial
cells in vim. These features include characteristic
desmosomes and typical tonofilaments of the
normal skin keratinocyte (Fig. 2). No kerato-
hyaline granule formation is observed in cells in
culture with either light or electron microscopy.
Type of Cell Multiplication—A radioauto-
graph of cells pulsed for 24 hours with tritiated
thymidine after the appearance of outgrowth
(48 hours after explantation) is shown in Fig. 3.
This figure shows that uptake of thymidine occurs
into skin cpithelial cells, that it is not confined
solely to the periphery of the expanding cell
population, and that it is randomly distributed
throughout the cell population. Dissection of the
original explant from the outgrowth of cells,
leaving the epithelial sheet on the glass coverslip,
and pulsing the epithelial calls with thymidine
results in the distribution of label illustrated in
Fig. 2. These results are consistent with independ-
ent multiplication of epithelial cells in contrast
to emigration from the explant.
Cellular Contact.—In Fig. 4 continuous contact
of mobile epithelial calls with the explant is seen.
Isolated epithelial cells do not emigrate from
the explant independently; when not in contact
with an adjacent epithelial cell, migrating cells
form bridges that may extend up to 1.0 mm be-
tween call and explant.
Kinetics of Cell Growth—In Fig. 5, the rate of
growth of the epithelial population is shown.
Maximal rate of growth occurs in the first 10 days
in the complete system. During the 4th to 9th
days, a linear rate of increase is seen, and a
plateau is approached at approximately the 10th
day.
Effect of Media.—In Table I, the growth rates
of epithelial cells in various media is shown. As
FIG. 1. Light micrograph of two cell types from explants of human foreskin. Cells in left of figure (F)
are fibroblast-like; cells in right are polygonal cells referred to as epithelial (E). H&E Stain. Magnifica-
tion )< 1000.
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FIG. 2. Electron micrograph of three adjacent keratinocytes in primary culture. Maguification
>< 3408. t, tooofilamcnts; d, desmosome; m, mitochondria; u, nucleus.
seen in this table, no medium was found to be
superior to the Minimal Essential Medium
(MEM) used as a reference standard in this
series of experiments.
Optimum Hydrogen Ion Concentration—The
effect of pH on epithelial growth is shown in
Fig. 6. Epithelial growth is maximal at a pH of
7.2—7.4. At a more alkaline PH, (>7.8) or acid
(<7.0) growth is markedly decreased, or does
not occur although other cell types (fibroblasts)
:
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FIG. 3. Radioautograpb of uptake of thymidine-H-3 by individual epithelial cells. Cells were pulsed
with thymidine-H-3 for 24 hours prior to radioautography. Random distribution of labeled thymidine
occurs over the entire cell population.
continue to multiply and divide under these
conditions.
Effect of &ra.—Concentrations of calf serum
higher than 10% do not further increase growth
rates beyond levels described earlier, At equiva-
lent concentrations, pooled adult human serum
decreases (50% of control calf) outgrowth of
epithelial cells (Table TI).
Optimum Oxygen Concentrations.—E pit hclial
growth is markedly inhibited at high oxygen
tensions (95%), and does not occur under 5%.
Optimal growth occurs at oxygen concentrations
in the range of 20—40% (Table III).
Effect of Sulfur Amino A cids.—MEM de-
ficient in sulfur amino acids (cysteine and methi-
onine) adversely affects epithelial multiplication.
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FIG. 4. Formation of attachment bridges between epithelial cells and explant. Colonies of new epi-
thelial cells are observed at terminus of channels linking epithelial cells to explants. Magnification >< 200.
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Fxo. 5. Growth curve of skin epithelial cells. Growth was recorded by measuring distance from edge
of explant to periphery of epithelial cell sheet with a calibrated microscope ocular.
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Omission of cysteine completely inhibits growth
of epithelial cells; omission of methionine re-
tards, but does not prevent growth. Optimum
growth occurs in the presence of equimolar
concentrations of cysteine and methionine
(0.01 Mmoles/ml) (Table IV).
DISCUSSION
Human infant foreskin was chosen as a source
of epithelial cells in the present studies because
TABLE I
Comparison of growth rates of human skin
epithelial cells on various media
Effect of various media on outgrowth of human
skin epithelial cells. Media of various degrees of
completeness were obtained from Grand Island
Biological Co. All media were supplemented with
10% calf serum and L-Glutamine. Where the final
pH of media did not correspond to the pH of a
reference standard of Eagle's MEM, solutions
were titrated with 5% NaHCO3 to a final pH of 7.4
after equilibration with a standard air/CO2 gas
mixture.
mm of growth from explant, days
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FIG. 6. Effect of pH on rate of growth of human
skin epithelial cells. Aliquots of a stock solution of
MEM were titrated with HC1 and NaHCO3 until
the desired pH was obtained after equilibrations
with a standard air/CO2 gas mixture.
TABLE II
Effect of calf serum on growth of human
skin epithelial cells
Effect of sera on rate of growth of human skin
epithelial cells. After 6 days outgrowth in 10%
calf serum, explants were removed, and medium
replaced with medium supplemented with increas-
ing quantities of calf serum. After 6 days, cells
were lysed, washed, and proteins of cells deter-
mined as described in the text.
Percent Calf Serum Total Cellular Protein (jtg)
0 49
10 83
20 170
30 255
40 305
50 260
TABLE III
Effect of oxygen tension on growth of
human skin epithelial cells
Effect of increasing oxygen tension on out-
growth of human skin epithelial cells. All measure-
ments were made at a CO2 tension sufficient to
maintain pH at 7.4. Cells were incubated in a
sealed water-jacketed CO2 incubator after re-
placement of air with the appropriate mixture of
nitrogen, oxygen and CO2 . Final oxygen concen-
tration was determined with a Beckman oxygen
electrode lowered into the incubator through a
ventilation porthole.
Percent Oxygen
mm of growth from explant, days
3 6 9 12
0 0.0 0.0 0.0 0.0
10 0.2 0.5 — —
20 0.2 0.9 1.7 2.1
30 0.3 0.9 1.7 1.7
40 0.4 1.2 1.5 1.5
50 0.4 1.5 — —
95 0.4 0.6 0.6 0.6
this tissue is readily available, and from indi-
viduals of the same age and sex. This tissue is
also relatively free of penicillin- and strepto-
myein-resistant bacteria. Of 255 individual
explants studied in the present series, less than
5% of the cultures were eliminated because of
bacterial or fungal contamination. Although
adult epithelium obtained at autopsy or removed
during surgery may also be used, a much greater
Medium
MEM
199
TC 109
L-15
F-b
N-l6
Trowell '5
Weymouth 's
GIB
SRI
0.1
0.0
0.0
0.4
0.1
0.2
0.3
0.2
0.0
0.2
0.7
0.1
0.2
0.8
0.5
0.4
0.5
0.4
0.4
0.6
9
1.7
0.4
0.5
12
1.8
0.6
1.1
1.3
0.8
1.1
1.0
0.9
0.9
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variation occurs in growth kinetics, and a more
frequent bacterial contamination is encountered.
The identification and origin of cells from ex-
plants of full-thickness skin in a synthetic me-
dium has been uncertain. Hsu (13) reported that
the frequency of mitoses of epithelial cells was
erratic, and an unusually high percentage of cells
in metaphase was observed. These findings sug-
gested that in hanging drop cultures, emigration
of cells accounted for the number of cells present
in the outgrowth. Parshley and Simms (3) and
Maltoltsy and Sinesi (14) observed a similar loss
in mitotic activity of epithelial cells in culture.
The findings reported in this paper show that
the epithelial cell is able to synthesize DNA as
judged by the uptake of tritiated thymidine. In
addition, multiplication of epithelial cells is
observed in the absence of the explant. From
these observations, it may be concluded that
multiplication occurs in cells not in immediate
contact with the explant. In cell culture, emigra-
tion of cells may account for the early appearance
of the population, but independent multiplica-
tion for subsequent growth. Although many cell
types of cuboidal appearance are present in full-
thickness skin explants, the cell referred to as
epithelial in this report originates in the epi-
dermis. When human dermis free of epidermis
and hair follicles is cultivated in vitro, outgrowth
of epithelial-like cells does not occur; in con-
trast epidermis with a minimum of dermis attached
to the stratum basale results in the typical polyg-
onal cell described in the present study and by
others (2, 3, 13). In addition, electron micro-
graphs of the polygonal cell population show
morphologic details characteristic of the skin
epithelial cell in vivo. These morphological fea-
tures include the presence of desmosomes and
tonofilaments as illustrated in Fig. 2, and from
which it may be concluded that the cell type
referred to as epithelial in the present studies is
of epidermal origin. The epithelial cell is more
sensitive than the fibroblast to alterations in
hydrogen ion concentration as first reported by
Parshly and Simms (3). At a pH of 7.8 or above,
little epithelial outgrowth is observed while
fibroblast emigration and multiplication is not
affected. At a pH of 7.4, outgrowth of epithelial
cells first occurs and is followed within 14 days by
fibroblast multiplication. Thus, by control of PH,
outgrowth of single cell types from an initial
mixed population of cells may be obtained.
The effect of oxygen tension on outgrowth of
TABLE IV
Effect of cysteine and methionine on outgrowth
of human skin epithelial cells
Effect of changes in concentration of methionine
and cysteine on growth of human skin epithelial
cells. Cysteine and methionine deficient medium
was obtained from Grand Island Biological Co.,
and supplemented with the appropriate amounts
of cysteine and methionine.
Cysteine .Methionine
mm growth from explant,
days
3 6 9 12
0.0183
0.0183
0.0183
0.0183
0.0
0.0183
4.4
0.0044
4.4
0.0
0.0121
0.0485
12.1
0.0485
0.0485
0.0485
0.0121
12.1
0.4
0.1
0.2
0.2
0.2
0.3
0.1
0.3
0.2
0.6
0.5
0.4
0.6
0.9
0.6
0.0
0.8
0.1
0.3
1.2
0.3
0.5
1.3
0.4
0.0
0.8
0.0
0.2
2.3
0.4
0.2
1.3
0.8
0.0
0.8
0.0
epithelial cells has been contradictory. In short
term cultures, Burrows (15) reported that chick
skin grew as well in 100% oxygen as in 10%
oxygen, while Pace et al (16) found that human
skin appeared to be more sensitive to high oxygen
tension than liver cells. The findings in this paper
support the studies of Pace et al (16) in that high
(above 50%) or low (below 10%) oxygen tensions
inhibit epithelial growth. Optimum growth oc-
curred between 20—40% oxygen. An explanation
for the toxicity of oxygen to epithelial cells is not
known.
An interesting aspect of epithelial cell growth
in culture is the appearance of microfibrils be-
tween cells when cell migration occurs (Fig. 4).
Independent migration of epithelial cells from
explants without contact with other epithelial
cells by protoplasmic channels has never been
observed and appears to be an integral part of
epithelial cell migration. The biologic need for
this type of cellular contact is only speculative
at present.
Only limited multiplication of epithelial cells
occurs in primary cultures of epithelial cells.
This phenomena does not appear to result from a
nutritional deficiency of the growth medium
since other media of a more complex and com-
plete nature do not improve growth (Table I).
That epithelial cell growth in vivo may be con-
trolled by an intracellular accumulation of a
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mitotie repressor has been convincingly argued
by Bullough (17). Although such factors have
not yet been isolated from primary cultures of
postembryonic human skin, primary growth of
skin epithelial cells provides a simple and useful
experimental model system for examination of
similar and alternative hypotheses.
SUMMARY
The origin and identification of cells from
primary cultures of post-embryonic human skin
have been determined, and the physical and
chemical parameters that affect growth have been
studied. Epithelial outgrowth occurs by a process
of independent cell multiplication as shown by
radioautography with tritiated thymidine. In-
creased oxygen tension, serum concentration,
and pH either completely inhibit or markedly
retard epithelial cell growth. Electron micrographs
of epithelial cells in culture reveal morphologic
detail (tonofilaments, desmosomes) character-
istic of epithelial cells observed in vivo. Proto-
plasmic filaments which connect migrating
epithelial cells are described.
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